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Biomedicine, Weill Medical College of Cornell University, New York, New YorkABSTRACT The interpretation of experimental observations of the dependence of membrane protein function on the proper-
ties of the lipid membrane environment calls for a consideration of the energy cost of protein-bilayer interactions, including the
protein-bilayer hydrophobic mismatch. We present a novel (to our knowledge) multiscale computational approach for quantifying
the hydrophobic mismatch-driven remodeling of membrane bilayers by multihelical membrane proteins. The method accounts
for both the membrane remodeling energy and the energy contribution from any partial (incomplete) alleviation of the hydro-
phobic mismatch by membrane remodeling. Overcoming previous limitations, it allows for radially asymmetric bilayer deforma-
tions produced by multihelical proteins, and takes into account the irregular membrane-protein boundaries. The approach is
illustrated by application to two G-protein coupled receptors: rhodopsin in bilayers of different thickness, and the serotonin
5-HT2A receptor bound to pharmacologically different ligands. Analysis of the results identifies the residual exposure that is
not alleviated by bilayer adaptation, and its quantification at specific transmembrane segments is shown to predict favorable
contact interfaces in oligomeric arrays. In addition, our results suggest how distinct ligand-induced conformations of G-protein
coupled receptors may elicit different functional responses through differential effects on the membrane environment.INTRODUCTIONMany aspects of the function and organization ofmultihelical
membrane proteins, such as G-protein coupled receptors
(GPCRs), depend on their lipid membrane environment
(1–7). For example, flash photolysis and NMR experiments
show that the photochemical function of theGPCR rhodopsin
is affected by the lipid bilayer composition (1,8). Fluores-
cence resonance energy transfer (FRET) experiments (9)
and coarse-grained molecular-dynamics (MD) simulations
(10) suggest that rhodopsin oligomerizes to different extents
inmonounsaturated phosphatidylcholine (PC)membranes of
different thickness. Such observations have been rationalized
largely in terms of the energy cost ofmembrane deformations
due to hydrophobic mismatch, i.e., the difference between
the hydrophobic thickness of the unperturbed membrane
and the hydrophobic length of the membrane-embedded
protein (11–14). In the presence of a hydrophobic mismatch,
the membrane deforms to alleviate the energetically costly
exposure of hydrophobic residues (11–13), which incurs an
energy penalty. If an incomplete hydrophobic adaptation
occurs, an additional energy contribution will be made to
the energy penalty (15–17). Such incomplete adaptation
has been inferred from EPR studies on lipid-protein interac-
tions for a number of multihelical proteins (16).Submitted July 13, 2011, and accepted for publication September 23, 2011.
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phobic mismatch, and its associated energy cost, by approx-
imating the lipid bilayer as an elastic continuum (12,13).
With the energy functional comprising compression-exten-
sion, curvature, and surface tension terms, the theory of
elastic membrane deformations can quantitatively explain
the effect of bilayer thickness on the lifetime of the grami-
cidin ion channels (12,13,15). The continuum theory is
usually implemented with the simplifying assumption of
radially symmetric membrane deformation, which is reason-
able for single helical proteins such as the gramicidin
channel. However, for multihelical proteins such as GPCRs,
where the transmembrane (TM) segments have different
hydrophobic lengths and the membrane must adapt to
different heights along the protein-lipid boundary, the
membrane deformation will be radially asymmetric. More-
over, the extent to which a particular TM segment is buried
in the lipid membrane will depend not only on the hydro-
phobic length of that segment and the thickness of the bilayer
but also on the constraints imposed by the need to reduce the
hydrophobic mismatch at the adjacent TM segments and the
local conformation of the side chains.
We therefore reasoned that a new approach to quantify the
hydrophobic mismatch-driven bilayer remodeling and its
energetics for inserted multihelical membrane proteins
was necessary to account for the interaction of multi-TM
proteins with the phospholipid bilayer. The method pre-
sented here achieves this goal by combining the elastic
theory of membrane deformations with atomistic MD simu-
lations. We incorporate the consequences of the different
hydrophobic mismatches for different TM segments in mul-
tihelical proteins by using MD simulations, which makes itdoi: 10.1016/j.bpj.2011.09.037
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the membrane around the protein equilibrated in its environ-
ment. This approach allows us to quantify the surface area
of residues exposed to unfavorable hydrophobic-polar inter-
actions between the lipid and the protein at specific TM
segments (termed residual exposure), and calculate the cor-
responding energy penalty.
Here we present the methodological details of the
approach and illustrate its implementation using results for
two different GPCRs inserted into membranes of various
lipid compositions. We use five different systems to compare
rhodopsin immersed in monounsaturated PC membranes
of different thicknesses: 1), diC14:1PC; 2), diC16:1PC; 3),
diC18:1PC; 4), diC20:1PC; and 5), a bilayer composed of a
7:7:6 mixture of 1-C18:0-2-C22:6-PC (SDPC), 1-C16:0-2-
C18:1-PC (POPC), and cholesterol (Chol). In addition, we
use three systems to compare the serotonin 5-HT2A receptor
(5HT2AR) complexed with pharmacologically different
ligands: 1), the agonist serotonin (5-HT); 3), the partial
agonist (LSD); and 3), the inverse agonist ketanserin
(KET) immersed in the 7:7:6 SDPC/POPC/Chol membrane.
We show that the energy values obtained for the
membrane deformation and membrane-protein interaction
identify an energy-based mechanism for reduction of the
residual exposure at specific TM domains by oligomeriza-
tion of multi-TM membrane proteins. For investigations of
hydrophobic mismatch-driven oligomerization, such results
should aid researchers in predicting putative oligomeriza-
tion interfaces based on results from atomistic simulations
of the monomers.THEORY AND METHODS
Multiscale description of protein-membrane
complexes
The formalism introduced here describes the protein-remodeled bilayer
shape in three dimensions by combining macroscopic continuum-level (CT)
calculations with results from cognate MD simulations. We denote this
procedure 3D-CTMD, for three-dimensional combined continuum andMD.
The framework is developed for integral membrane proteins comprising
NTM TM segments embedded in a lipid membrane. We use a rhodopsin-like
GPCR (NTM ¼ 7) to illustrate the method, which is generally applicable to
multihelical proteins. The membrane-inserted segments can have different
hydrophobic lengths, with Li denoting the projected hydrophobic length
along the membrane normal. In general, the Li-values will not match the
hydrophobic thickness of the unperturbed membrane, d0, and the formula-
tion allows for proteins with different Li-values for each TM segment, thus
allowing for radial variation of the hydrophobic mismatch. Importantly, the
formalism is also able to account for residual hydrophobic exposure and
hydrophobic slippage, i.e., situations in which the energetic cost of locally
adapting the membrane lipids to the protein precludes complete alleviation
of the hydrophobic mismatch by means of membrane deformation alone.
The starting point for the calculations is a well-converged, explicit-
solvent, all-atom MD trajectory of a monomer of the GPCR embedded in
the lipid membrane of interest (for details, see Supporting Material). The
MD simulations provide information about the organization of the protein
in the membrane and the interfacial protein/lipid interactions in the MD-
equilibrated state of the protein with the bilayer adopting the energeticallymost favorable shape around the GPCR. In this state, both the protein
conformation and the hydrophobic adaptation are assumed to be energeti-
cally optimal with respect to the compensation between the energetic
cost of the residual hydrophobic exposure, the membrane deformation,
and any reorganization of the protein. This assumption is used to guide
the parameterization of the protein-lipid interfacial interactions at the CT
level in the transition from atomistic to continuum description. In the CT
representation, the TM protein is described in terms of 1), the Li-values
of the constituent TM segments; 2), the contour Gin of the protein boundary
within the surrounding membrane; and 3), the membrane thickness u0 at
this boundary. These geometric measures are taken from the structure (aver-
aged over the last 100 ns of the converged trajectory in the MD simulation)
of the GPCR-membrane system (see Supporting Material).
The membrane shape is described by the local deformation variable
u(x,y), defined as
uðx; yÞ ¼ 1
2
ðdðx; yÞ  d0Þ; (1)
where d(x,y) and d0 are the local and bulk bilayer thicknesses, respectively.
This definition maintains the simple representation used in previous work
(13) by effectively taking the average of the deformations in the two leaflets
of the bilayer (we verified that treating the two leaflets separately does not
affect the results for the GPCR systems studied here).Free-energy cost of the hydrophobic mismatch
The CTMD method addresses both key contributions to the hydrophobic
mismatch energy penalty, i.e., the membrane-deformation energy penalty
DGdef and the residual hydrophobic exposure energy penalty DGres (16).
DGdef in the system equilibrated with MD using the theory of elastic
bilayer deformations, with contributions from compression-extension,
splay-distortion, and surface tension terms (13):
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where Kc and Ka are the elastic moduli for splay-distortion and compres-
sion-extension respectively; C0 represents the monolayer spontaneous
curvature; and a denotes the surface tension. The free-energy expansion
in Eq. 2 is valid for small deformations relative to the monolayer thickness,
which is the case for the GPCR-membrane systems studied here (see Table
S1 and Fig. 2 and Fig. S7).
The residual exposure energy penalty DGres arises from any incomplete
alleviation of hydrophobic mismatch due to the high energy cost that such
a membrane deformation might entail, and penalizes the unfavorable
hydrophobic-hydrophilic interactions at the protein-lipid interface in the
equilibrated system. This energy penalty can be approximated as being line-
arly proportional to the unfavorably exposed surface area at the protein-
membrane interface (17–19), in which case DGres is the sum of the residual
energies at each TM:
DGres ¼
XNTM
i¼ 1
DGres;i 
XNTM
i¼ 1
sresSAres;i; (3)
where SAres,i is the exposed surface area of the i
th TM, as estimated from the
MD trajectories, and sres is taken to be 0.028 kcal/(mol. A˚
2), the value esti-
mated from the transfer energies of peptide residues between hydrophobic
and polar environments (18,19).Biophysical Journal 101(9) 2092–2101
FIGURE 1 Protocol for the 3D-CTMD approach, illustrated for
rhodopsin in a diC14:1PC lipid bilayer. (A) The membrane-deformation
profile u(x,y) calculated directly from the MD simulations. The left panel
is the deformation profile as a color map projected onto the surface defined
by fitting a grid (spacing 2 A˚) to the positions of the phosphate atoms in the
two leaflets during the trajectory, followed by time averaging and spatial
smoothing. The right panel shows the same deformation color map on
the x-y plane. (B) The membrane-deformation profile u(x,y) on a 100 
100 A˚ patch, calculated with 3D-CTMD. The left panel represents the
membrane shape calculated with the deformation boundary condition at
the membrane-protein interface from the MD profile in panel A and
a random curvature boundary condition to produce the starting point for
the free-energy-based optimization (Eqs. S2 and S3). The right panel is
the membrane-deformation profile calculated with the natural boundary
condition, which minimizes the membrane-deformation energy penalty.
Note the agreement between the profiles in A, calculated using a micro-
scopic theory, and B, calculated using the continuum theory (they are within
0.5 A˚ RMSD of each other). The 3D-CTMD approach also allows evalua-
tion of the protein-induced membrane-deformation energy penalty, which is
4.7 kT in this case.
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and DGdef from free-energy minimization
The time-averaged u(x,y) derived from MD data is not directly used to
calculate the DGdef from Eq. 2 because it is constructed from the discrete
phosphate positions of the MD trajectory and hence is too noisy for direct
numerical calculation of the second derivatives in the curvature term of the
continuum-level free-energy expression in Eq. 2. Instead, we determine the
equilibrium u(x,y) from continuum-level macroscopic calculations by self-
consistently minimizing the DGdef given in Eq. 2, subject to boundary
conditions provided by the MD simulations. For the minimization, we
use the Euler-Lagrange formulation, solving the following boundary value
problem (13):
KCV
4u aV2uþ 4Ka
d20
u ¼ 0;
ujGin ¼ uoðx; yÞ; ujGout ¼ 0;V2ujGin ¼ noðx; yÞ;V2ujGout ¼ 0;
(4)
where the symbols Gin and Gout denote the boundary at the protein-
membrane interface and the outer boundary of the simulation box, respec-
tively. We obtain the Gin and Gout values and the boundary condition u0(x,y)
from the MD simulations, and, consistent with current practice (15,16), we
use bulk elastic moduli to describe the bilayer close to the protein-bilayer
boundary in the calculations of DGdef. We solve Eq. 4 using a finite-differ-
ence scheme, with the boundary condition on the membrane curvature at
the protein-lipid interface, voðx; yÞ, obtained self-consistently from an opti-
mization procedure (see Supporting Material for details). Here, voðx; yÞ is
the asymmetric generalization of the so-called natural boundary condition
(20), which has been shown to work well (21) and is the most straightfor-
ward to use in the mathematical algorithm presented here (see Supporting
Material). Importantly, this formalism does not invoke symmetry at the
membrane-protein boundary Gin or in membrane deformations u(x,y);
rather, it treats Gin as an irregular contour, thus allowing for radially asym-
metric changes in membrane shape. Fig. 1 illustrates the protocol for
rhodopsin in a diC14:1PC bilayer. DGdef is obtained from the u(x,y) thus
calculated.
In this framework for calculating DGdef, the boundary condition from
MD provides the pattern of local membrane deformation at the lipid-protein
interface, taking into account at the atomistic level the equilibrated struc-
ture of the protein in the membrane and the various interactions within
the protein-membrane system. Importantly, this strategy incorporates the
effect of the radially asymmetric and irregular hydrophobic surface of
the protein involved in membrane-protein interactions. Consequently, the
self-consistent determination of u(x,y) using Eq. 4 is not only a numerically
viable solution for calculatingDGdef using the well-tested elastic continuum
theory of membrane deformations, it also yields the macroscopic u(x,y)
(with DGdef defined by Eq. 2) that is directly comparable to the u(x,y)
obtained from the cognate microscopic MD simulation.Residual hydrophobic exposure energies
The residual exposure energy DGres is obtained as described in Eq. 3. The
residual exposure area SAres,i at the i
th TM is determined using the solvent-
accessible surface areas (SASA) of the relevant residues from the MD
trajectories (see Supporting Material for details).RESULTS
Using our 3D-CTMD approach, we obtained quantitative
descriptions of the hydrophobic mismatch-based remodel-
ing of the membrane surrounding multihelical proteins in
the rhodopsin-like GPCR class: a rhodopsin monomerBiophysical Journal 101(9) 2092–2101immersed in lipid membranes of different bulk thicknesses,
and a serotonin 5-HT2AR monomer binding three different
ligands known to have different pharmacological efficacies
(i.e., the agonist 5-HT, the partial agonist LSD, and the
inverse agonist KET) immersed in an SDPC/POPC/Chol
membrane model.
For each construct, the 3D-CTMD method was used to
calculate the membrane-deformation profile u(x,y) as well
as the contributions from the membrane deformation DGdef
and the residual hydrophobic exposure DGres to the energy
penalty due to hydrophobic mismatch (see Theory and
Methods, and Fig. 1 B), in the context of the MD trajectories
of the systems.Membrane remodeling by rhodopsin depends
on lipid composition and is radially asymmetric
Fig. 2 shows the membrane-deformation profiles u(x,y) and
the corresponding membrane-deformation energy DGdef for
FIGURE 2 Membrane-deformation profiles u(x,y) for rhodopsin immersed in lipid bilayers of different bulk thicknesses. The upper panel shows u(x,y)
calculated directly from MD trajectories for rhodopsin in bilayers composed of (A) diC14:1PC, (B) diC20:1PC, and (C) 7:7:6 SDPC/POPC/Chol membranes.
The lower panel shows the corresponding membrane-deformation profiles u(x,y) for (D) diC14:1PC, (E) diC20:1PC, and (F) 7:7:6 SDPC/POPC/Chol calcu-
lated using the 3D-CTMD approach. The corresponding membrane-deformation energies DGdef are (D) 4.7 kBT, (E) 2 kBT, and (F) 2.6 kBT. The calculated
DGdef is 1.6 kT for rhodopsin in diC16:1PC, and 0.8 kT for rhodopsin in diC18:1PC.
Membrane Remodeling by GPCRs 2095rhodopsin in diC14:1PC, diC20:1PC, and 7:7:6 SDPC/POPC/
Chol membranes. The u(x,y) profile obtained from 3D-
CTMD (lower panel) shows good agreement with the time-
averaged u(x,y) constructed directly from the MD (upper
panel; root mean-square difference (RMSD) ~10% of the
range of deformations; difference color maps are shown in
Fig. S3).
The average membrane deformations near the rhodopsin
(averaged over the bilayer region within 12 A˚ of the Ca
atoms of the protein, which corresponds to one lipid shell
around the protein) are small (the maximum being ~2–2.5 A˚
in diC14:1PC and SDPC/POPC/Chol; see Table S1). This
finding agrees with findings from solid-state NMR experi-
ments on rhodopsin reconstituted in 1-Cn:0–2-Cn:1-PC bila-
yers of different tail lengths at the molar ratio of 1:250
(22). From these experiments, the 14-C tail bilayer was
inferred to deform by ~2 A˚ in the first lipid shell around the
protein, and the 16-C, 18-C, and 20-C tail bilayers were
inferred to deform by <0.5 A˚ (22). As expected from thevarying Li (Table S2 and Table S3), the deformations we
calculate are radially asymmetric, and the various
membranes show substantial local thickening and thinning
(Fig. 2). For example, in the diC14:1PC bilayer, themembrane
thickens by ~5 A˚ near TM4, even though the average thick-
ness change is only ~2 A˚ around the entire TM bundle. The
values for DGdef in the different systems are listed in the
legend of Fig. 2 and in Table S1. Note that the usual assump-
tion of radial symmetry would underestimate DGdef. For
example, calculations for diC14:1PC that were predicated
on the assumption of radial symmetry, obtained within the
CTMD approach by setting the membrane deformation at
all points on the protein-membrane boundary uniformly to
the value of the average membrane deformation near the
protein, yielded ~1.9 kT (for details, see Supporting Mate-
rial). This result contrasts with the 4.7 kT obtained without
the assumption of radial symmetry.
Overall, the thicker bilayers (diC20:1PC and 7:7:6 SDPC/
POPC/Chol) become thinner near the protein, whereas theBiophysical Journal 101(9) 2092–2101
2096 Mondal et al.thinner bilayers (diC14:1PC and diC16:1PC) become thicker
locally around the protein. These trends suggest that, as
expected, the membrane deformation around the TM seg-
ments tends to alleviate the mismatch between the protein’s
hydrophobic length and the bilayer’s hydrophobic thickness.
Fig. 3 demonstrates a particular instance of such hydrophobic
adaptation, which taken together with Fig. 2 B suggests that
the diC20:1PC bilayer thins near TM5 to prevent residue
Glu-201(5.36) from being embedded in the hydrophobic
core (the residue number in parentheses is given in theBalles-
teros-Weinstein generic system (23) to identify the position
in the TM).
Yet, the mismatch is only partially alleviated by the
membrane deformation, leaving a substantial residual hydro-
phobic exposure at specific TM segments in all the simulated
systems (Table 1 and Fig. 3).The residual exposure energy penalty varies
among TM segments
To calculate the energy cost of the residual hydrophobic
exposure DGres, we identified the residues that contributed
to the residual penalty in each TM from the MD trajectories.
The SASAs of these residues were calculated (see Support-
ing Material for details) to obtain the residual surface area
SAres,i for the i
th TM segment as the sum of the SASAs
for the unfavorably exposed side chains (and methylene
groups). We tested the effect of the SASA definition by
changing the probe radius for these calculations from the
standard value of 1.4 A˚, to 1.2 A˚, which changed the calcu-
lated residual exposure at the different TM segments by only
0–10 A˚2 (which corresponds to < ~0.5 kT). The calculated
SAres,i values were used to compute the correspondingFIGURE 3 Illustration of hydrophobic adaptation and residual exposure
at the molecular level. (A) A snapshot from the MD trajectory of rhodopsin
in the thin diC14:1PC bilayer. TM5 is shown in blue, and two residues (Glu-
5.36 and Phe-5.63) are highlighted. (B) A snapshot of rhodopsin in the thick
diC20:1PC bilayer. The diC20:1PC bilayer thins near Glu-5.36, which
substantially reduces its exposure to the hydrophobic core of the bilayer,
thus showing hydrophobic adaptation. Phe-5.63 remains unfavorably
exposed to the polar environment in the thin diC14:1PC bilayer but not in
the thick diC20:1PC bilayer. Thus, Phe-5.63 contributes to residual exposure
energy penalty at TM5 for rhodopsin in diC14:1PC. The residual exposures
are computed over the course of the MD trajectory (Table 1).
Biophysical Journal 101(9) 2092–2101DGres,i from Eq. 3. DGres,i penalizes both hydrophilic resi-
dues of the protein exposed to the hydrophobic core of the
lipid environment, and hydrophobic residues of the protein
exposed to polar environment.
Table 1 lists the SAres,i and DGres,i values for rhodopsin
TM segments in all of the simulated membranes. DGres,i
varies substantially among the TM segments and, for each
segment, among the different bilayers. In particular, DGres,4
increases from a value of 0 in the thin diC14:1PC membranes
to 6.3 kBT in the thick SDPC/POPC/Chol membranes. In
contrast, DGres,i for TM1, TM2, and TM7 decreases from
the thinner to the thicker membranes. The mismatch at
TM5 appears to be alleviated in the bilayers composed of
16:1 or longer lipid tails, because DGres,5 is effectively
zero in all of the systems except diC14:1PC, where it is
5.4 kBT. As an example, the residual exposure at TM5 is
illustrated in Fig. 3 A, which shows that the hydrophobic
residue Phe-228(5.63) is exposed to the polar environment
in the thin diC14:1PC but not in diC20:1PC. Finally, the
results in Table 1 show that the hydrophobic mismatch is
most effectively alleviated, with the overall DGres,i being
smallest, in diC20:1PC membranes. As noted in the Discus-
sion, the results from these calculations identify likely inter-
faces in any hydrophobic mismatch-driven oligomerization
of the GPCR.The ligand-dependent activation states of the
5-HT2A receptor determine membrane remodeling
We recently showed how ligands with different pharmaco-
logical properties (i.e., full, partial, and inverse agonists)
stabilize different conformations of the serotonin 5-HT2A
receptor (24). Here we show that these different ligands
also alter the pattern of membrane deformation and the
residual hydrophobic exposure energy penalties around their
host receptor. For the 3D-CTMD calculations, we used the
350 ns long MD simulations of the 5-HT2AR in complex
with either the full agonist 5-HT, the partial agonist LSD,
or the inverse agonist KET (24). The differential conforma-
tional changes in response to ligand binding revealed by
the atomic-level simulations of the bound GPCR in 7:7:6
SDPC/POPC/Chol membranes are reflected in distinct
rigid-body rearrangements of TM1, TM4, and TM6 (24).
The results from the 3D-CTMD calculations reveal
a distinct pattern of bilayer deformations around 5-HT2AR
for the different bound ligands. The largest membrane thin-
ning is observed around TM1 in the KET simulation, and
around TM6 in the 5-HT simulation (Fig. S7). The bilayer
deformations around TM4 are larger with LSD or 5-HT
than with KET bound. The residual hydrophobic exposure
energies of the TM segments in the three systems differ
as well (Table 2). There is a substantial residual penalty
(~5 kBT) for TM1, but only in the KET-bound GPCR; the
residual penalty for TM6 is nonzero only in the 5-HT-bound
system. Table 2 further shows that the residual penalty for
TABLE 1 Residual SAres values (in A˚
2) and the corresponding DGres values (in kBT) calculated for TMs of rhodopsin in diC14:1PC,
diC16:1PC, diC18:1PC, diC20:1PC, and 7:7:6 SDPC/POPC/Chol membranes
TM
diC14:1PC diC16:1PC diC18:1PC diC20:1PC SDPC/POPC/Chol
SAres DGres SAres DGres SAres DGres SAres DGres SAres DGres
1 210 9.9 80 3.8 75 3.5 70 3.3 63 3.0
2 74 3.5 29 1.4 0 0 32 1.5 27 1.3
3 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
4 0 0 77 3.6 90 4.3 79 3.7 134 6.3
5 115 5.4 1 0 9 0.4 7 0.3 17 0.8
6 36 1.7 31 1.5 56 2.7 38 1.8 51 2.4
7 119 5.6 44 2.1 22 1.1 0 0 0 0
SAres values were calculated by using the SASA-based method (see Theory and Methods) with a probe radius of 1.4 A˚. Probes with smaller radii did not
significantly change the SAres estimates. N.D., not determined.
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the penalty for TM5 decreases with the same rank order.
Taken together with the results from the cognate MD simu-
lations, showing differential movement of TM1, TM4, and
TM6 (24), our 3D-CTMD formalism provides a quantitative
link between the different perturbations of the GPCR struc-
ture produced by the binding of pharmacologically distinct
ligands, and the energetics of unfavorable residual hydro-
phobic exposure of the receptor in complexes. As discussed
below, these quantitative findings suggest a mechanistic
explanation for differential interfaces in ligand-driven olig-
omerization of the GPCRs.DISCUSSION
To quantify the membrane deformations due to hydrophobic
mismatch, and the associated energy cost, we used atomistic
MD simulations together with the framework provided by
the theory of elastic membrane deformations (12,13) in
which the energy functional comprises compression-exten-
sion, splay-distortion, and surface-tension terms. The theory
of elastic bilayer deformations has been used to account
quantitatively for the lifetime variations of gramicidin chan-
nels in membranes of different thicknesses (12,15), and for
the lateral dimerization of gramicidin channel constructsTABLE 2 Residual SAres values (in A˚
2) and corresponding
DGres values (in kBT) calculated for TMs of 5-HT2AR in complex
with 5-HT, LSD, and KET, respectively, in an SDPC/POPC/Chol
lipid bilayer
TM
5-HT2AR with 5-HT 5-HT2AR with LSD 5-HT2AR with KET
SAres DGres SAres DGres SAres DGres
1 0 0 0 0 107 5.1
2 30 1.4 0 0 0 0
3 N.D. N.D. N.D. N.D. N.D. N.D.
4 25 1.2 81 3.8 103 4.9
5 94 4.4 81 3.8 69 3.3
6 40 1.9 0 0 0 0
7 1 0 0 0 0 0
SAres values were calculated by using the SASA-based method (see Theory
and Methods) with a probe radius of 1.4 A˚. Probes with smaller radii did not
significantly change the SAres estimates. N.D., not determined.comprising pairs of gramicidin subunits tethered with
peptide linkers (14,25). In these studies, the gramicidin
channels were assumed to be cylindrical, which is reason-
able for a single-segment TM protein. In the case of
more-complex proteins, such as multihelical GPCRs with
TM segments of different hydrophobic thickness, calcula-
tions of membrane remodeling and the associated energetics
require a representation of the membrane deformation that
allows for radial asymmetry. We accomplished this with
our multiscale 3D-CTMD approach, which combines infor-
mation about the membrane thickness at the protein-lipid
interface from atomisticMD simulations with the continuum
formalism in an energy functional comprising compression-
extension, curvature, and surface-tension terms.
We are aware of only one other study in which a combined
MD and continuum approach was used to calculate the
protein-induced membrane deformation in three dimen-
sions, which was applied to the gating of mechanosensitive
channels. In that work, Chen et al. (26) parametrized the
continuum calculations using a coarse-grained, implicit-
solvent, implicit-membrane MD simulation of a single
helix-membrane system. In our 3D-CTMD approach, we
overcome some of the limitations of the former approach.
First, we determine the asymmetric membrane thickness
boundary condition around the multisegment protein from
atomistic MD simulations, which allows for asymmetric
membrane-deformation profiles. Second, we consider the
residual hydrophobic exposure and the corresponding energy
cost at each TM segment (thus enabling an evaluation of
localized contributions of the hydrophobic mismatch ener-
gies in membrane-mediated protein-protein interactions).
Application of the 3D-CTMD framework to membranes
containing multisegment GPCR proteins yields patterns of
deformation that are radially asymmetric and dependent
on lipid composition, in agreement with earlier observations
from coarse-grained MD simulations (10). The deformed
membrane shapes calculated with the 3D-CTMD method
are in excellent agreement with the smoothed membrane
shape obtained from atomistic MD simulations (Figs. 1
and 2 and Fig. S7). This observation is consistent with
the generally held view that molecular approaches andBiophysical Journal 101(9) 2092–2101
2098 Mondal et al.continuum elastic approaches should yield similar results at
length scales comparable to the membrane thickness (27).
The important advantage of obtaining the membrane-
deformation profile from the 3D-CTMD approach, rather
than directly from MD, is that it allows us to also evaluate
the energy cost of the membrane deformation. In our
recent study of a single helical membrane-inserting peptide
(Dynorphin A), we found that the self-consistent solution
to Eq. 4 agreed well with the deformation profile predicted
from MD for liquid-disordered membrane systems but not
for liquid-ordered systems. This could be due to limitations
in Eq. 4 in accounting for the constraints on lipid packing
at the membrane-protein boundary (28–31). We also showed
that introducing the boundary conditions from theMD simu-
lation, instead of a self-consistent solution procedure, solved
this problem (32).
Our results identify DGres as a substantial energy compo-
nent in GPCR-membrane systems, in general agreement
with inferences from lipid association studies of various
multihelical TM proteins (16). In these systems, the bilayer
deformation fails to completely alleviate the hydrophobic
mismatch around the protein due to the different hydropho-
bicity lengths and patterns of adjacent TM segment. Rather,
the membrane deforms to an extent that minimizes the
total energy cost due to hydrophobic mismatch, as can be
deduced by uniformly varying the bilayer thickness at all
points on the membrane-protein boundary in steps of
0.5 A˚ for the different systems (Fig. S6). The results show
that 1), the total residual exposure decreases linearly with
increasing membrane deformation; 2), the membrane-defor-
mation energy increases quadratically with increasing
membrane deformation; and 3), the minimum in the total
energy occurs within50.5 A˚ of the MD-derived boundary
condition for the different systems. Furthermore, unlike
single-helical peptides such as the gramicidin channels,
the hydrophobic mismatch of multihelical proteins such as
the GPCRs exhibits substantial local variation due to the
different hydrophobic lengths of the TM segments (see
Table S2 and Table S3). Therefore, completely alleviating
the hydrophobic mismatch at all loci by just deforming
the membrane would be energetically prohibitive because
it would require large slopes (and curvatures) of the defor-
mation profile between adjacent segments. Indeed, when-
ever adjacent TM segments are out of register (meaning
that the positions of their hydrophobic/hydrophilic bound-
aries differ sufficiently to prevent a membrane lipid mole-
cule from hydrophobically adapting to both segments),
a residual hydrophobic exposure, with its associated ener-
getic cost, will occur. Not surprisingly, therefore, the helix
packing varies when the bilayer thickness is varied, as indi-
cated by a comparison of the panels in Fig. 2 showing the
results of the MD simulations.
This residual hydrophobic exposure can occur even if the
protein’s average hydrophobic length is equal to the average
thickness of the unperturbed bilayer. Thus, the hydrophobicBiophysical Journal 101(9) 2092–2101exposure is more than the hydrophobic slippage that arises
when the incremental increase in DGdef becomes larger
than the incremental energetic cost of exposing hydrophobic
residues to a polar environment (15). By applying the 3D-
CTMD approach to the 5-HT2A receptor complexed with
pharmacologically distinct GPCR ligands (24), we found
that the structurally distinct complexes obtained from the
MD simulations were surrounded by different patterns of
membrane deformations and hence generated different
values of protein-membrane interaction energies. In partic-
ular, our 3D-CTMD calculations identify quantitatively,
for the first time to our knowledge, the substantial residual
exposures at some TM segments of the 5-HT2A receptor
models due to the incomplete alleviation of the hydrophobic
mismatch, and their dependence on membrane composition
and protein structure.
As we discuss below, the energetic cost of the local,
residual hydrophobic exposure at specific TM segments
can be reduced (or eliminated) by the participation of the
segments in interfaces between different protomers in oligo-
meric constructs. Indeed, the calculated residual energy
penalties were found to vary in different lipid membranes,
at different segments, and for the conformation achieved by
the same GPCR with different ligands in the binding site. It
is therefore reasonable to suggest that bringing together in
the membrane the TM segments from separate protomers
that were calculated to incur the highest energy penalty
from residual hydrophobic exposure could be a significant
component of the energetic drive for oligomerization.
In such a mismatch- or exposure-driven oligomerization
model, the quantitative findings presented here should have
implications for the mechanistic description of GPCR oligo-
merization and for predicting oligomeric interfaces, taking
into consideration both ligand-specific conformations and
membrane properties, as discussed further below.
Consistent with current practice (13,16), we calculated
DGdef using bulk elastic moduli to describe the lipid close
to the protein-bilayer boundary. If the local moduli were
larger than in bulk, due to perturbations of lipid properties
by protein-lipid interactions (as suggested previously
(33)), our calculations would provide lower bounds for
DGdef, but this would not affect our conclusions. The numer-
ical algorithm of the CTMD framework can be extended to
accommodate spatially varying elastic parameters (e.g., as
used by Partenskii and Jordan (33)). The major challenge
for such an implementation is the need to reliably determine
the spatial variation of the elastic parameters. Once such
information becomes available, its accommodation within
the CTMD framework will refine the calculations.Hydrophobic mismatch and the oligomeric
assembly of rhodopsin
The measured FRET efficiency between rhodopsin mole-
cules reconstituted in lipid membranes of different thickness
Membrane Remodeling by GPCRs 2099was found to decrease with increasing basal membrane
thickness (going from diC14:1PC to diC20:1PC membranes)
(9). This result suggests a greater extent of rhodopsin olig-
omerization in the thinner diC14:1PC lipids than in the
thicker diC20:1PC lipids (9). Furthermore, coarse-grained
MD simulations (10) showed that rhodopsin monomers in
diC14:1PC membranes self-assemble into higher-order olig-
omers but remain mostly monomeric in the diC20:1PC
membranes. This agrees with the quantitative results pre-
sented here, in that the total energy penalty for embedding
rhodopsin is much larger in diC14:1PC membranes (~31 kBT)
than in diC20:1PC membranes (~13 kBT). Therefore, in
agreement with the earlier studies, a mismatch-driven olig-
omerization model would predict that oligomerization will
be more pronounced in diC14:1PC than in diC20:1PC
membranes. The 3D-CTMD calculations also quantify the
two key components of the hydrophobic mismatch penalty,
i.e., the membrane-deformation energy DGdef and the
residual exposure energy DGres, and show (see Table S1
and legend to Fig. 2) that although DGdef can be substantial
in the short-tailed diC14:1PC lipid membranes (~4.7 kBT),
it is relatively small (<3 kBT) for all other rhodopsin-
membrane systems.
As an example, the results in Table 1 suggest that for
rhodopsin monomers in diC14:1PC membranes, the mis-
match-driven oligomerization interface would involve
predominantly TM1, and that this would change as a func-
tion of membrane thickness. Going from the thinner to the
thicker bilayers, oligomerization at TM1 becomes less
favorable, whereas oligomerization at TM4 becomes more
favorable, and becomes predominant in the native-like
SDPC/POPC/Chol bilayers. The role of TM4 and TM1 in
the oligomerization of GPCRs, including rhodopsin, has
been established for native membranes (34), and we can
compare these predictions with results from coarse-grained
MD simulations of rhodopsin molecules in different bilayers
(10). The density maps produced by Periole et al. (10) for
the self-assembly process of rhodopsin monomers into olig-
omers in different membranes suggest that in diC16:1PC
membranes, rhodopsin molecules would be least likely to
associate at TM5 and TM2, whereas in diC20:1PC bilayers,
the dimerization would be most probable at TM4 and
TM1-TM2. Consistent with these results, we obtained low
mismatch energies at TM5 (~0 kBT) and TM2 (1.4 kBT) in
the diC16:1PC bilayer, and the largest residual hydrophobic
exposure penalties at TM4 (~3.7 kBT) and TM1 (~3.3 kBT)
in the diC20:1PC membrane (see Table 1).
Thus, our results from the calculations on rhodopsin in
the various membrane environments agree with experi-
mental observations of oligomerization propensities in
these environments, and indicate that a large hydrophobic
mismatch energy experienced by the monomeric form of
the proteins in the lipid membrane can indicate a strong
drive for aggregation to occlude the TM segments at which
unfavorable interactions are largest. Furthermore, it hasbeen experimentally demonstrated for single-helical pro-
teins that a single polar residue exposed to the lipid environ-
ment in the monomeric form of the peptide can drive its
oligomerization in lipid membranes (35).Hydrophobic mismatch in ligand regulation
of 5-HT2AR self-assembly
Several experimental studies have suggested ligand-regu-
lated oligomerization of 5-HT2C, dopamineD2, andb2 adren-
ergic GPCRs (36,37). Here we show that the 3D-CTMD
approach applied to serotonin 5-HT2AR complexed with
the agonist 5-HT, the partial agonist LSD, and the inverse
agonist KET identify DGres as the dominant contribution to
the overall hydrophobic mismatch energy (compare the
DGres energy values in Table 2 with the membrane remodel-
ing and DGdef shown in Fig. S7). The largest residual expo-
sure penalties are contributed by different TM segments in
the three distinct states of the receptor stabilized by the three
ligands (Table 2). Based on these values, the TM segments
with the largest drive for mismatch-driven oligomerization
are TM5 in 5HT-bound 5-HT2AR; TM4 and TM5 in the
LSD-bound configuration; and TM4, TM5, and TM1 in
KET-bound 5-HT2AR. Our identification of TM1, TM4,
and TM5 as putative oligomerization interfaces for the
ligand-bound serotonin 5-HT2A receptor agrees well with
the known identities of the oligomerization interface in a
number of GPCR systems (36–39).SUPPORTING MATERIAL
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